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Scanning Kelvin Probe Force Microscopy
(SKPFM)
A B S T R A C T
The susceptibility to hydrogen embrittlement (HE) of the 7046 aluminium alloy (AA 7046) was investigated.
Samples of AA 7046 corresponding to diﬀerent ageing temperature/time couples were hydrogenated by cathodic
charging in a H2SO4 solution. Scanning Kelvin Probe Force Microscopy (SKPFM) combined with global hydrogen
amount measurements allowed apparent hydrogen diﬀusion coeﬃcients (Dapp) to be measured: the decrease of
the Dapp values with the increase of the ageing duration was attributed to hydrogen trapping by hardening η’ and
η precipitates for the aged alloy. Additional SKPFM measurements were carried out on hydrogen charged
samples after desorption at 25 °C and combined with SEM observations of the fracture surfaces after tensile tests.
Results showed that hydrogen could be trapped at the grain boundaries leading to brittle intergranular fracture.
However, hardening precipitates could act as eﬃcient trapping sites and reduce hydrogen trapping at the grain
boundaries. Conclusion is that the most critical microstructural parameters for HE of AA 7046 correspond to the
grain boundaries while ageing could contribute to improve the resistance to HE of the alloy by a well-controlled
precipitation.
1. Introduction
Over the last few decades, environmental matters have been
brought to the forefront in industrial policies. Concretely, the European
automotive industry is currently impacted by standards requiring
drastic reduction of the carbon dioxide emissions and thus of the fuel
consumption [1]. Although steel is the reference material used in this
industry, aluminium alloys are increasingly considered and 5xxx and
6xxx series are currently used for their low density close to 2.7 g cm−3
compared to 7.8 g cm−3 for steel [2]. However, in order to reach higher
strength levels, Al-Zn-Mg-(Cu) alloys – the 7xxx series – are also being
considered. However, as a function of composition and processing
conditions, these alloys can be sensitive to stress corrosion cracking, so
it is important to understand the mechanisms underlying their sensi-
tivity [3].
Generally, HE is invoked to explain the susceptibility of the 7xxx
alloys to stress corrosion cracking (SCC) [4]. Hydrogen can penetrate
the alloy due to the cathodic reaction at the near surface balancing the
metal dissolution in a corrosive solution. Hydrogen diﬀusion/transport
is inﬂuenced by the stress gradients generated by a mechanical loading
or by the forming process and can lead to a loss of the mechanical
properties [5–7]. This generally results in a decrease of the elongation
to fracture [8] in relation with brittle fractures such as intergranular
and cleavage [9]. These speciﬁc fracture modes can be related to cri-
tical microstructural trapping sites identiﬁed in the literature as grain
boundaries [10,11], hardening precipitates [12], vacancies or disloca-
tions [13]. As a matter of fact, hydrogen can easily be trapped in the
tensile hydrostatic stress ﬁelds and on the contrary, it also distorts the
metal lattice resulting in a decrease of the cohesion stresses [14].
This study attempts to provide some clariﬁcations:
1. Firstly, on the role of hardening precipitates on hydrogen trapping
and diﬀusion in a low copper content aluminium alloy, i.e. an AA
7046.
2. Secondly, on the role of trapped and diﬀusible hydrogen on the loss
of mechanical properties in such an alloy.
Four metallurgical states were studied, corresponding to ageing
from 0 to 48 h at 150 °C in order to make the nature and density of the
hardening precipitates diﬀerent from one sample to another. Hydrogen
was introduced inside the material by cathodic charging. It is well
known that it is very diﬃcult to study hydrogen diﬀusion and trapping
due to the size and mobility of this element. Based on recent works, it
was decided in this work to use Scanning Kelvin Probe Force
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Microscopy (SKPFM) to detect hydrogen [15–17]. Thus, hydrogen pe-
netration depth was measured by SKPFM in the four states after
cathodic charging. The resulting apparent diﬀusion coeﬃcients (Dapp)
were evaluated in relation with the microstructural characteristics.
These measurements were repeated after desorption at room tempera-
ture for several weeks. In addition, the fracture surfaces of pre-charged
samples were observed after tensile tests and the depths of the brittle
areas observed were related to the SKPFM measurements.
2. Experimental procedure
2.1. Specimen preparation
The AA 7046 of chemical composition given in Table 1 was in-
vestigated as 2 mm thick sheets in four diﬀerent metallurgical states.
7xxx alloys without Cu are used in high volumes for automotive crash
management systems. They have also excellent mechanical properties,
weldability and cosmetic corrosion resistance for automotive applica-
tions. Due to its good corrosion resistance, AA 7046 allows the eﬀect of
H coming from chemical and electrochemical reactions to be evaluated
without corrosion products disturbance. The reference metallurgical
state, called T4, was hot rolled, cold rolled, solution heat treated and
then stored at room temperature until substantially stable. The other
metallurgical states were obtained from T4 plates by heat treatments at
150 °C for respectively, 5, 20 and 48 h. They were called as 150/5, 150/
20 and 150/48 samples by reference to the ageing temperature/time
couple. For all the experiments, the samples were cut from the sheets
and were ground with abrasive paper SiC 1200 before being mechani-
cally polished with diamond paste until 1 µm.
2.2. Analysis of the microstructure
The coarser precipitates were characterized by optical microscopy
(OM Olympus PMG3) and by scanning electron microscopy (SEM
LEO435VP) coupled with Energy Dispersive X-ray Spectroscopy (EDS
IMIX analyser) technique. SEM was also used to observe the fracture
surfaces of the alloy after tensile tests.
Deeper investigations of the microstructure required the use of
transmission electron microscopy (TEM JEOL-JEM-2010). For these
observations, the samples were prepared as follows: ground with
abrasive paper SiC 1200 until a thickness of 100 µm, mechanically cut
in discs of 3 mm diameter and electropolished in a solution (CH3OH:
900 mL, HNO3: 300 mL) at − 15 °C in a TenuPol-5. The precipitates
were also characterized by using an EDX analyser with a spot size
varying from 1.5 to 30 nm, by plotting their electronic diﬀraction
patterns or by using high-resolution TEM (HRTEM).
2.3. Hydrogen charging
Specimens were cut from the AA 7046 sheets as parallelepipeds of
15 × 4× 2 mm3 with a mass of (300±10) mg. Hydrogen was inserted
by cathodic charging at 25±2 °C in a pH 2 H2SO4 solution: during the
charging, only the longitudinal (L) – long transverse (LT) plane was
exposed to the electrolyte, all other planes being protected by a trans-
parent lacquer. A three-electrode system made of the specimen as
working electrode, a Pt counter electrode and a saturated calomel
electrode (SCE) as reference, all electrodes being connected to a Bio-
logic potentiostat, was used to apply a potential of− 1.450 V vs SCE for
72 h. This potential was chosen because, in the electrolyte chosen, the
resulting current density is similar for the four metallurgical states
(Fig. 1). This potential also corresponds to the transition between the
oxygen and the hydrogen reductions which could explain the time
duration required for the current density to stabilize during the char-
ging. It allowed slowing down the alteration of the surface.
2.4. Hydrogen amount measurements
2.4.1. Global measurements: by melting method
A Bruker G8 GALILEO Instrumental Gas Analyser (IGA) was used to
measure the global amount of hydrogen contained in the samples
melted in graphite crucibles. The catharometric method based on the
diﬀerence of thermal conductivity of the vector gas (Ar) with and
without hydrogen allowed a sensitivity of 1 ppm for samples of ap-
proximately 300 mg. Moreover, this method requires no vacuum that
could lead to hydrogen desorption. The dimensions of the coupons were
similar to that of the charged tensile test samples and their near surface
was slightly polished using a 1200 SiC paper before the measurement in
order to limit the presence of hydrogen related to the formation of a
thin oxide ﬁlm [18]. Each measurement was repeated at least ﬁve times
for reproducibility.
2.4.2. Local investigations by SKPFM
The hydrogen penetration depth was investigated using SKPFM on a
5500 Agilent Atomic Force Microscope (AFM). Both topography and
surface potential signals were acquired simultaneously (single pass
mode). The probes were conductive Pt-coated silicon tips. In the single
pass mode set up, the tip is vibrated above the surface at two diﬀerent
frequencies: a frequency close to the resonant frequency of the tip
(300 kHz) by mechanical excitation in order to control the tip-sample
distance and a lower frequency (10 kHz) by electrical excitation to
measure the surface potential [19]. Amplitude modulation (AM) - KFM
mode was used in order to have the best spatial resolution possible
(approximately 50 nm). In this mode, a voltage Vdc + Vac sin (ωt) is
Table 1
Composition speciﬁcation for AA 7046.
Element Al Zn Mg Cu Fe Si Zr Mn Cr Ti
wt% Bal. 6.6–7.6 1.0–1.6 < 0.25 < 0.4 < 0.2 0.1–0.18 < 0.3 < 0.2 < 0.06
Fig. 1. Polarization curves for each metallurgical state of the AA 7046 in H2SO4 solution
(pH 2) at 25 °C. Curves were plotted after 5 min of immersion at Ecorr at a scanning rate of
250 mV h−1.
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applied to the tip. The resulting oscillating potential diﬀerence between
the tip and sample modulates the electrostatic force between the tip and
the sample inducing an oscillation of the tip. Vdc is adjusted, until the
amplitude of the oscillations is minimal, which occurs when Vdc is equal
to the potential diﬀerence between the tip and the sample. This set up
allows a high spatial resolution. Another advantage of this method is
that measurements require no vacuum. All SKPFM measurements were
performed in air at room temperature. For a given condition, the
measurements were repeated at least three times for reproducibility.
After hydrogen charging, the coupons were cut and polished and the
SKPFM measurements were conducted on cross-sections in the LT- short
transverse (ST) plane (Fig. 2a and b). The time between charging and
SKPFM measurements was estimated to be 20 min. The LT-ST plane was
previously polished with ¼ µm diamond paste. Rectangular sections of
80 µm × 6 µm were successively scanned from the charged surface up
to 400 µm in the core of the sample in the ST direction. An increment of
50 µm was applied with a micrometer screw between each section in
order to precisely evaluate the depth analysed by matching topography
measurements. An overlap of the potential value of the two adjacent
images ensured that the surface potential value was stable. Results were
analysed with the Gwyddion software.
2.5. Mechanical properties
The mechanical properties of the alloy were studied on specimens
machined in the LT direction. Samples with a parallelepiped gauge
section of 23 × 1.9 × 2.8 mm3 were used. Tensile tests were carried
out at a strain rate of 10−3 s−1 at room temperature in a dual column
MTS testing machine with a frame capacity of 30 kN. Healthy and pre-
hydrogenated samples were tested in order to highlight the eﬀects of
the hydrogen on the mechanical properties. The time between charging
and tensile testing was estimated to be 15 min. For brevity, we chose to
present the results for only the AA 7046-T4 and 150/20 samples.
The ageing at 150 °C modiﬁes the volume fraction, size distribution
and the nature of the hardening precipitates. This was controlled by
hardness measurements on a BUEHLER-Omnimet 2100 tester equipped
with a Vickers indenter. A load of 500 g was chosen taking into account
the samples thickness.
All mechanical tests were repeated at least three times for re-
producibility allowing error bars to be added on the corresponding
ﬁgures.
3. Results and discussion
3.1. Evolution of the AA 7046 microstructure with ageing
The AA 7046-T4 presented an equiaxed microstructure in good
agreement with the manufacturing process applied. A precise study of
the grain size in each plane of the sheets revealed no preferential or-
ientation of the grains and no change of their size from one plane to
another. At the OM and SEM scales, all the metallurgical states studied
had a very similar microstructure. OM and SEM observations showed,
for all metallurgical states, coarse intermetallic particles smaller than
10 µm and identiﬁed by EDX as Al3Fe and Al3Ti. In-depth analyses by
TEM conﬁrmed these results and also revealed the presence of coherent
spherical Al3Zr dispersoids with an average diameter of 42± 3 nm that
were formed during the homogenization [20]. The nature of these
phases was conﬁrmed by analysing their diﬀraction patterns [21]. In-
tergranular precipitates were also observed and characterized as MgZn2
particles in all metallurgical states.
TEM observations also showed that the ageing aﬀected the nature
and size of the hardening precipitates, the size of the intergranular
precipitates and the width of the precipitate free zone (PFZ) as shown in
Fig. 3. The precipitation sequence in Al-Zn-Mg alloys was well in-
vestigated in several works [22–24] and can be described by the fol-
lowing sequences in alloys with a Zn/Mg ratio higher than 1 and with a
low Cu amount:
αss-Al → α1Al + GP → α2Al + η′ → αeqAl + η-MgZn2
where αSS, α1, α2 and αeq represent the composition of the solid
solution for each step of the precipitation sequence.
At ﬁrst, during the natural ageing, Zn and Mg progressively co-
segregated to form Guinier-Preston (GP) zones responsible for the
precipitation of metastable η′-phases and ﬁnally stable η-MgZn2 phases
which occurs at higher temperature. In the T4 state (Fig. 3a), no GP
zone was observed even using HRTEM and although their presence was
highly suspected especially because of the long natural ageing duration
and the high hardness value (Fig. 4a), the GP zones being known to
favour the hardening of these alloys [24]. After 5 h of ageing, a slight
change in the microstructure was noticeable, with thin intragranular
precipitates that cannot be seen easily in Fig. 3b but were well observed
and accurately identiﬁed using hardness measurements (Fig. 4a) and
HRTEM observations combined with diﬀraction patterns (Fig. 4b).
HRTEM images (Fig. 4b) showed semi-coherent precipitates in the 150/
5 sample which are generally attributed to the η’-phase. Although the
composition of these precipitates could not be precisely identiﬁed be-
cause of their size, EDX analyses performed in the area containing the
precipitates showed a composition very close to that found in the work
of Dumont et al. [25] for η′ precipitates and diﬀerent from the MgZn2
precipitates identiﬁed in the grain boundaries. Moreover, the hardness
increase (Fig. 4a) highlighted the hardening properties of these parti-
cles. Coupling all these characteristics with the literature review in-
dicated that the particles observed were actually η′ precipitates [24,26].
In comparison, the 150/20 and 150/48 samples showed more obvious
microstructural changes visible respectively in Figs. 3c and 3d. A dense
hardening precipitation was observed in the grains and coarsened from
20 to 48 h of ageing. Fig. 4c shows a micrograph of the intragranular
precipitates observed in the 150/48 samples (same observation for the
150/20 samples). The higher size of the precipitates made analyses
easier and HRTEM images coupled with EDX allowed these phases to be
identiﬁed as stable η-MgZn2 in both states. This was conﬁrmed by the
diﬀraction pattern given in Fig. 4d. Obviously, these states were as-
sumed to contain both η′ and η precipitates but with a dominant
amount of the latter [25]. The decrease of the hardness observed in
Fig. 2. a) Dimensions of the coupons analysed by
SKPFM, b) Scheme of the data treatment method
applied.
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Fig. 4a was in good agreement with the results, due to the evolution of
the η′-phase into the stable η-phase and the increase of the precipitate
size [20] leading to a transition from a shearing mechanism to Orowan
looping. The hardening is thus inversely proportional to the radius of
the hardening precipitates [27,28]. Although the areas analysed during
TEM observations were not fully representative of the global micro-
structure, an analysis of the particle size revealed a slight increase from
approximately 6 nm to 10 nm and to 17 nm for respectively 5, 20 and
48 h of ageing at 150 °C. This observation was in good agreement with
the hardness evolution. Moreover, TEM observations (Fig. 3) showed
the growth of the intergranular precipitates from T4 to 150/48 samples,
with only some small (15±6 nm) intergranular precipitates for the T4
state (Fig. 3a) compared to numerous 61±25 nm intergranular pre-
cipitates for the 150/48 sample (Fig. 3d). The coarsening of the inter-
granular precipitates led to the growth of the PFZ which was approxi-
mately 50 nm wide for the 150/5 sample compared to 120 nm for both
150/20 and 150/48 samples.
3.2. Hydrogen charging
All metallurgical states were hydrogenated following the same
conditions for 72 h. Fig. 5 gives an overview of the global hydrogen
amount measured by IGA as a function of the ageing duration (error
bars are calculated on the basis of 5 measurements). It could be re-
minded that the coupons were slightly polished (less than 5 µm) before
IGA analysis. As a consequence, the hydrogen located under the near
surface could have been underestimated. Nevertheless, it was assumed
that comparison between the diﬀerent metallurgical states was re-
levant. A slow decrease of the amount of hydrogen introduced in the
alloy was noticed from the T4 to the 150/5 sample and from the 150/5
to the 150/20 sample. Then, the quantity of hydrogen absorbed re-
mained stable and no signiﬁcant diﬀerence in the hydrogen amount
was observed between the 150/20 and the 150/48 samples.
The global analysis of the hydrogen amount inserted in a sample
was interpreted in terms of capability of hydrogen to diﬀuse and to be
trapped. It is commonly assumed that the nature, size and distribution
of hardening precipitates are major parameters for hydrogen trapping
[29,30]. The misorientation between the particles and the matrix can
lead to a loss of coherence and the elastic distortion near the interface
can promote hydrogen stabilization [31]. Moreover, in some alloys
[32], the distortion can be oﬀset by an accumulation of dislocations,
also reported to be hydrogen trapping sites. Results showed that, during
the ﬁrst 5 h of ageing, the most signiﬁcant microstructural changes
occurred with the increase of the hardening precipitates density. Con-
cerning these intragranular precipitates, their interfaces with the matrix
were only partly coherent and could act as barrier for hydrogen diﬀu-
sion so that the hardening precipitates could be considered as trapping
sites. However, for T4 and 150/5 samples, the main hardening pre-
cipitates were GP zones and η′ precipitates which were associated with
a compression of the lattice [28,33] and, therefore, limited the quantity
of hydrogen possibly trapped. Between 5 and 20 h of ageing, another
signiﬁcant microstructural change occurred: the precipitates coalesced
and their coherence with the matrix decreased with the formation of
the η-phase [34]. The total length of the matrix/precipitate interfaces
was higher and the stress ﬁelds generated led to lattice distortion which
could explain that more hydrogen was trapped. Finally, between 20 and
48 h of ageing, the change of the particles size did not seem to aﬀect the
hydrogen trapping. Therefore, two parameters could supposedly be
Fig. 3. TEM micrographs showing the micro-
structural change with the ageing duration: a) T4
state, reference b) sample aged for 5 h at 150 °C
(150/5), c) sample aged for 20 h at 150 °C (150/20),
d) sample aged for 48 h at 150 °C (150/48).
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considered to explain hydrogen trapping, i.e. the size of the particles
and the coherence level of the matrix/precipitate interface [29]. De-
pending on these two parameters, a saturation level for hydrogen
trapping could be deﬁned for each type of precipitate.
3.3. Hydrogen diﬀusion investigation
In a ﬁrst approach, hydrogen diﬀusion was investigated by using
Secondary Ions Mass Spectroscopy (SIMS) but no evidence of the pre-
sence of hydrogen deeper than in the native oxide ﬁlm was highlighted.
This can be explained by the 10−8 mbar vacuum during SIMS analysis
presumably low enough to make hydrogen desorb. Thus SKPFM mea-
surements emerged as the best alternative to detect hydrogen in the
material.
Fig. 6 shows a representative measurement of the surface potential
(V) as a function of the depth from the near surface (i.e. the charging
side for samples cathodically charged) for a non-charged AA 7046 T4
sample. For all measurements performed (ﬁve for these experiments),
the surface potential remained stable except for local dips associated to
the presence of intermetallic particles. In Fig. 6, an average value of the
surface potential, close to 1.4 V, was measured but this value could
change from a measurement to another due to small diﬀerences in
temperature and relative humidity in the laboratory room. As a con-
sequence, in the following, all measurements were normalized by
Fig. 4. a) Evolution of the Vickers Hardness (500 g load) with the ageing duration at 150 °C, b) HRTEM micrograph of hardening η′ precipitates observed in the sample aged for 5 h at
150 °C (150/5), c) η-MgZn2 precipitates observed with HRTEM in the sample aged for 48 h at 150 °C (150/48) and the corresponding diﬀraction pattern d) – superposition of the matrix
diﬀraction oriented in [011] direction (•) and the η-MgZn2 diﬀraction oriented in [215] direction ( ⃝).
Fig. 5. Hydrogen amount measured with IGA after cathodic charging in H2SO4 pH 2 for
72 h as a function of the ageing duration.
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calculating ∆V which corresponded to the diﬀerence between the po-
tential in the uncharged part of the sample, very far from the charging
side, V
∞
, and the measured potential at a distance x, Vx so that only the
surface potential gradient was considered. Finally, it can be noticed that
for a hydrogen-free sample, no potential gradient was observed; the
same result was obtained for the four metallurgical states.
Fig. 7 shows the evolution of ∆V as a function of the depth from the
hydrogen-charging side for each metallurgical state after 72 h of hy-
drogen charging in H2SO4 (pH 2). For all metallurgical states, a ∆V
gradient was observed between the charged surface and the hydrogen-
free core of the coupons. According to previous works, this gradient can
be related to the presence of hydrogen that modiﬁes the electronic
output work [15]. Although no clear mechanism explaining the role of
hydrogen on the electronic output work was established, it was as-
sumed that hydrogen distorts the metallic lattice leading to the varia-
tions observed. It could be assumed that the response to hydrogen
concentration should depend on the precipitation state. Indeed, the
trapping sites distort the lattice and/or create interfaces at which the
hydrogen atoms will distort the lattice less. However, regarding the
diﬀusion distance, this was assumed not to aﬀect the conclusions con-
cerning the hydrogen diﬀusion distance even though it should aﬀect the
absolute Volta potential.
By this way, it was thus possible to determine the diﬀusion depth of
hydrogen and then to calculate an apparent hydrogen diﬀusion coeﬃ-
cient, Dapp. Dapp values were evaluated by means of the analytical so-
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In Eq. (1), c(x) corresponds to the hydrogen concentration at a
distance x from the surface exposed to the hydrogenating media, c0 is
the initial concentration in the bulk of the alloy (c(x,0) = c0 = 0 for t
= 0 and x> 0), cs is the hydrogen concentration at the surface during
the cathodic charging (c(0,t) = cs = 1 for t> 0 and x = 0) and t is the
charging time. SKPFM measurements did not allow diﬀusible and
trapped hydrogen to be distinguished although, as previously discussed,
several microstructural parameters are known as trapping sites. As a
consequence, the value of the hydrogen diﬀusion coeﬃcient should be
continuously modiﬁed taking into account the trapping during diﬀu-
sion. In our case, the impossibility to implement the diﬀusion equation
with this phenomenon led us to use an apparent hydrogen diﬀusion
coeﬃcient.
Comparison of the four graphs (Fig. 7) showed a decrease of the
hydrogen diﬀusion depth corresponding to a decrease of Dapp when the
ageing duration increased. All measurements were summarized in
Table 2.
The Dapp values were smaller than those found in the literature for
other materials, mainly for pure aluminium, and based on calculations
and experimental measurements, closer to 10−8−10−9 cm2 s−1
[13,35]. This could be attributed to microstructural diﬀerences, espe-
cially to the GP zones and other thin precipitates that slowed down
hydrogen diﬀusion for AA 7046. Nevertheless, the orders of magnitude
remained close. The evolution of Dapp was very similar to that of the
hydrogen amount with a noticeable decrease from the T4 state down to
the 150/20 sample and then a stabilization from the 150/20 to the 150/
48 samples. This result was consistent with hardening precipitates
acting as a barrier for hydrogen diﬀusion.
The absence of signiﬁcant change in Dapp between 20 and 48 h of
ageing oﬀered evidence for the coherence level of the precipitate/ma-
trix interface as a major parameter concerning hydrogen trapping.
Thus, η′ precipitates would trap less hydrogen than η precipitates
which, therefore, seemed to be more eﬃcient to protect the alloy from
HE. The volume fraction of the precipitates could also be considered to
explain the result. However, a study of Dumont et al. [25] for a Cu-free
7xxx aluminium alloy showed no signiﬁcant diﬀerences between a T6
and a T7 state in the precipitates volume fraction which should dis-
credit this hypothesis. This question will be more precisely discussed in
the following.
Finally, it could be also noted that the maximum value for the ∆V
gradient, ∆Vmax, between the surface and the core of the specimens
varied between 200 and 400 mV depending on the metallurgical state
(Fig. 7). The value of ∆Vmax could be related to the hydrogen amount:
the decrease of ∆Vmax from T4 state to 150/20 state (Fig. 7) was then
consistent with the decrease of the hydrogen amount when the ageing
duration increased (Fig. 5). On the contrary, the increase of ∆Vmax from
the 150/20 to the 150/48 state was not explained at this time. But,
previous comment concerning the inﬂuence of the microstructure on
hydrogen ability to distort the lattice led us to assume that there is not a
trivial relationship between hydrogen concentration and the Volta po-
tential.
3.4. About the role of trapped hydrogen
Given the relationship ‘microstructure – hydrogen diﬀusion and
trapping’ shown in the previous paragraph, it was of interest to evaluate
the inﬂuence of hydrogen on the mechanical properties of AA 7046. In
this part, the study was focused on two metallurgical states, corre-
sponding to the T4 and 150/20 samples. Fig. 8 shows SEM micrographs
of the fracture surfaces obtained for samples after hydrogen charging
and tensile tests for both metallurgical states. For hydrogen charged
samples, the observations were focused on the hydrogen aﬀected zone.
For comparison, fracture surfaces for hydrogen-free samples are also
given. Figs. 8a and 8c showed that the fracture mode in the hydrogen-
free T4 state is ductile intergranular in relation with intergranular
precipitates [36]. For hydrogen-free 150/20 sample, the fracture mode
was ductile transgranular with dimples (Figs. 8b and 8e). After hy-
drogen-cathodic charging, brittle intergranular fracture (Figs. 8d and
8g) and cleavage (Figs. 8d and 8h) areas were observed for the T4
metallurgical state. These fracture modes are known to be relevant
evidences of HE. The brittle intergranular fracture mode clearly re-
vealed the diﬀusion and trapping of hydrogen in the grain boundaries
that led to a decrease of the intergranular cohesion stresses [37,38].
The co-existence of both brittle intergranular and cleavage areas could
Fig. 6. Evolution of the surface potential (V) as a function of the depth for an uncharged
AA 7046 T4 sample.
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be explained by local hydrogen concentrations: far from the charged
surface, the hydrogen concentration in the grain boundaries was too
low to induce intergranular fracture but the increase of the stress ﬁelds
at the crack tip could explain the cleavage areas boarding the brittle
intergranular areas. Further, the results led us to assume the decrease of
the interplanar cohesion stress due to reticular hydrogen. For hydrogen-
charged 150/20 samples, no change in the fracture mode was notice-
able close to the charged surface compared to hydrogen-free samples
(Fig. 8f). This result was consistent with previous conclusions about the
role of the hardening precipitates and the evolution of the Dapp coeﬃ-
cients. For 150/20 samples, η precipitates were assumed to trap the
hydrogen and acted as a protection for the grain boundaries explaining
why no intergranular fracture was observed. However, SKPFM
measurements showed that hydrogen penetrated inside the sample over
more than 100 µm whereas no eﬀect of hydrogen diﬀusion on fracture
surfaces was visible.
For a better understanding, SKPFM measurements were carried out
on hydrogenated samples after exposure for 3 weeks in ambient at-
mosphere. The results, displayed in Fig. 9, showed a drastic decrease of
the depth altered by hydrogen in the T4 state, from approximately
270 µm (Fig. 7a) to about 75 µm (Fig. 9a) for samples tested im-
mediately after hydrogen-charging and those tested after 3 weeks re-
spectively. This could be related to the desorption of a large part of
hydrogen during the exposure to ambient atmosphere. On the contrary,
for the 150/20 sample, hydrogen was detected until an approximate
depth of 160 µm (Fig. 9b) which was similar to the sample tested im-
mediately after charging (Fig. 7c) and therefore, showed that no hy-
drogen had desorbed. This was consistent with hydrogen trapping at
the hardening precipitates that could be considered as strong trapping
sites [39]. SEM observations of the fracture surfaces for the T4 hy-
drogen-charged samples showed that the depth of the brittle inter-
granular fracture area was of approximately 70 µm (Fig. 8d), which
corresponded to the depth where hydrogen was detected by SKPFM
after 3 weeks of desorption (Fig. 9a). Comparison of the diﬀerent results
showed that SKPFM measurements did not allow the diﬀerent
Fig. 7. Evolution of ∆V as a function of the depth from the hydrogen-charged surface after cathodic charging in H2SO4 (pH 2) for 72 h: a) T4, b) sample aged for 5 h at 150 °C (150/5), c)
sample aged for 20 h at 150 °C (150/20), d) sample aged for 48 h at 150 °C (150/48).
Table 2
Evolution of the depth aﬀected by hydrogen and apparent hydrogen diﬀusion coeﬃcient
for each metallurgical state.
State T4 150/5 150/20 150/48
Depth (µm) 275±15 230±10 155±10 150±10
Dapp (cm
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populations of hydrogen, i.e. diﬀusible and trapped hydrogen, to be
distinguished. Further, the absence of hydrogen desorption for the 150/
20 sample showed that the main part of the hydrogen inside the 150/20
sample corresponded to hydrogen trapped at the hardening precipitates
which could not desorb at room temperature. Concerning the T4 sam-
ples, it was thus assumed that both diﬀusible and trapped hydrogen was
present after charging while only diﬀusible hydrogen desorbed during
the 3 weeks exposure at room temperature. According to the analysis of
the T4 microstructure, hydrogen was assumed to be trapped in the grain
boundaries which was consistent with the brittle intergranular fracture
mode. Finally, results also showed that only the hydrogen trapped at
the grain boundaries controlled the mechanical properties of the alloy.
The hydrogen trapped at the interface between the hardening pre-
cipitates and the matrix or/and in the elastic stress ﬁeld surrounding
those precipitates in the 150/20 sample had no detrimental eﬀect on
the mechanical properties which made the grain boundaries the most
critical microstructural parameter for HE in AA 7046. Further, with an
″adequate″ population of hardening precipitates in AA 7046, hydrogen
Fig. 8. SEM micrographs of the fracture surfaces obtained for AA 7046: a) ductile-intergranular fracture in the T4 state (bulk), b) ductile transgranular fracture for the samples aged for
20 h at 150 °C (150/20) (bulk), c) ductile-intergranular fracture in the T4 state (near the surface of the tensile sample), d) hydrogen-aﬀected zone showing brittle intergranular and
cleavage areas for T4 samples after charging for 72 h in H2SO4 (pH 2), e) ductile transgranular fracture for the samples aged for 20 h at 150 °C (150/20) (near the surface of the tensile
sample), f) hydrogen-enriched zone for the samples aged for 20 h at 150 °C (150/20) after charging for 72 h in H2SO4 (pH 2), g) focus on d) showing brittle intergranular fracture, and h)
focus on d) showing cleavage areas. Tensile tests were performed at 10−3 s−1.
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could be trapped in these speciﬁc sites which allowed the grain
boundaries to be less aﬀected by hydrogen and then the susceptibility of
AA 7046 to HE to be reduced.
4. Conclusions
The use of SKPFM associated with hydrogen cathodic charging
method allowed the interactions between hydrogen and the micro-
structure of the AA 7046 to be investigated. The main conclusions were
the following:
1. SKPFM measurements are relevant for the study of hydrogen dif-
fusion and trapping in the Al-Zn-Mg alloys. Direct measurements did
not allow the diﬀerent populations of hydrogen to be distinguished
but SKPFM measurements combined with desorption experiments
allowed diﬀusible and trapped hydrogen to be clearly identiﬁed.
2. Global hydrogen amount measurements and SKPFM measurements
highlighted the role of the hardening precipitates in hydrogen
trapping and diﬀusion. Apparent diﬀusion coeﬃcients, Dapp,
varying from 2·10–10 cm2 s−1 for the T4 metallurgical state to
6·10–11 cm2 s−1 for the samples aged at 150 °C for 48 h were mea-
sured showing clearly that the hardening precipitates were eﬀective
hydrogen trapping sites and led to a decrease of the hydrogen dif-
fusion rate. Further, comparison of the results obtained for aged
samples with diﬀerent durations of ageing showed that the nature of
the precipitates, presumably related to the coherence level of the
matrix/precipitate interface, was a parameter of major importance
in hydrogen trapping.
3. Finally, mechanical tests performed for hydrogen-charged samples
allowed the role of the diﬀerent populations of hydrogen in the loss
of mechanical properties of AA 7046 to be explained. Hydrogen
trapping at the grain boundaries led to a decrease of the mechanical
properties of AA 7046 with brittle intergranular fracture mode. On
the contrary, when hydrogen was trapped near the hardening pre-
cipitates, the grain boundaries were less aﬀected by hydrogen
leading to a higher resistance of the aged 7xxx alloys to HE.
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